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(57) ABSTRACT

There is provided a method of predicting a noise component
associated with a readback signal in a channel from a dedi-
cated servo medium including a data recording layer and a
dedicated servo layer. The method including: providing at
least one noise prediction module for each of a plurality of
types of servo patterns of the servo layer, and predicting the
noise component by, for each of a plurality of segments of the
readback signal of the data recording layer, using a selected
one of the noise prediction modules. In particular, the selected
one of the noise prediction module for a segment of the
readback signal is selected based on the type of the servo
pattern associated with the segment of the readback signal.
There is also provided a corresponding noise predictor, a
method of detecting data bits from the readback signal, and a
hard disk drive system.

26 Claims, 10 Drawing Sheets
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1
METHOD OF PREDICTING A NOISE
COMPONENT ASSOCIATED WITH A
READBACK SIGNAL FROM A DEDICATED
SERVO MEDIUM, NOISE PREDICTOR
THEREOEF, AND HARD DISK DRIVE SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority of Singapore
Patent Application No. 102014018838, filed 28 Apr. 2014,
the content of which being hereby incorporated by reference
in its entirety for all purposes.

TECHNICAL FIELD

The present disclosure generally relates to a method of
predicting a noise component associated with a readback
signal in a channel from a dedicated servo medium, a noise
predictor for predicting a noise component associated with
the readback signal, a method of detecting data bits from the
readback signal, and a hard disk drive system comprising the
noise predictor.

BACKGROUND

To support higher capacities in data storage, multi-level
recording media has been proposed by adding a dedicated
servo recording layer in between the conventional perpen-
dicular data recording layer and the conventional soft-under-
layer (SUL). The dedicated servo medium is proposed to
achieve a much higher track density in hard disk drive (HDD)
systems. This is because nearly the entire surface of the data
recording layer can be dedicated for data recording, thus
achieving a greater storage capacity.

In the servo layer of the dedicated servo medium, a servo
pattern is used to generate position feedback signals, also
known as position error signals (PES). However, the servo
pattern introduces various distortions to the readback signal
of the data recorded on the data recording layer, including
linear and non-linear distortions. The two main sources of
non-linear distortions are: 1) servo signal induced transition
shift at the data recording layer, and 2) transitions of servo
signal from one type of servo pattern to another type of servo
pattern, causing a baseline jump in the readback signal of the
data recording layer.

Regarding the transition shift at the data recording layer, a
DC+ bit in the servo layer expands the bit length of a posi-
tively magnetized bit in the data recording layer. Similarly, a
DC- bit in the servo layer expands the bit length of a nega-
tively magnetized bit in the data recording layer. The result is
a non-linear transition shift (NLTS) effect on the readback
signal of the data recording layer. This NLTS effect also
results in a non-zero mean on the overall noise affecting the
readback signal of the data recording layer.

A data-dependent noise prediction (DDNP) detector has
been proposed to combat media noise in magnetic recording
channels. DDNP is a near maximum-likelihood sequence
detection (MLSD) scheme for zero-mean, data-dependent,
finite-memory Gauss-Markov noise. Mean-adjusted DDNP
(MA-DDNP) was subsequently developed for use on chan-
nels affected by NLTS with non-zero mean noise.

However, it has been found that the above conventional
techniques do not (or at least do not sufficiently) address the
distortion in the readback signal due to transitions of the servo
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signal from one type of servo pattern to another type of servo
pattern (which causes a baseline jump in the readback signal
of the data recording layer).

SUMMARY

A method according to the present disclosure predicts a
noise component associated with a readback signal in a chan-
nel from a dedicated servo medium comprising a data record-
ing layer and a dedicated servo layer. The method includes
providing at least one noise prediction module for each of a
plurality of types of servo patterns of the servo layer, and
predicting the noise component by, for each of a plurality of
segments of the readback signal of the data recording layer,
using a selected one of the noise prediction modules. The
selected one of the noise prediction module for a segment of
the readback signal is selected based on the type of the servo
pattern associated with the segment of the readback signal.

In other features, the servo pattern associated with the
segment of the readback signal is the servo pattern being read
from the servo layer when the segment of the readback signal
is being generated from the data recording layer.

In other features, each noise prediction module is config-
ured for a particular type of the plurality of types of servo
patterns, and the each noise prediction module comprises a
plurality of predictor parameter sets, each predictor param-
eter set predetermined for a particular type of data pattern of
the readback signal and the particular type of servo pattern.

In other features, each predictor parameter set comprises a
predictor coefficient and a predictor error variance predeter-
mined for the particular type of data pattern and the particular
type of servo pattern, and the predictor parameter set is used
in determining the noise component associated with the read-
back signal in the channel.

In other features, the predictor parameter sets are organized
in the form of a look-up table.

In other features, each of the plurality of types of servo
patterns is assigned a respective servo bit, and the selected
one of the noise prediction module for the segment of the
readback signal is selected based on the servo bit of the type
of the servo pattern associated with the segment of the read-
back signal.

In other features, the servo bit of the type of servo pattern
associated with the segment of the readback signal is identi-
fied from the segment of the readback signal or a position
error signal from the servo layer.

In other features, the servo bit of the type of servo pattern
associated with the segment of the readback signal is identi-
fied from the segment of the readback signal by generating a
waveform based on the segment of the readback signal and
aligning the waveform with the segment of the readback
signal.

In other features, one noise prediction module is provided
for each of the plurality of types of servo patterns of the servo
layer.

In other features, a plurality of noise prediction modules is
provided for each of the plurality of types of servo patterns of
the servo layer.

In other features, each type of servo pattern is partitioned
into a plurality of segments, and the at least one noise predic-
tion module comprises a plurality of noise prediction mod-
ules, each noise prediction module configured for a particular
segment of the type of servo pattern.

In other features, the plurality of types of servo patterns
comprises a DC—/DC+ servo pattern, a DC- servo pattern, a
DC+/DC- servo pattern and a DC+ servo pattern.
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A noise predictor according to the present disclosure pre-
dicts a noise component associated with a readback signal in
a channel from a dedicated servo medium comprising a data
recording layer and a servo layer. The noise predictor includes
at least one noise prediction module for each of a plurality of
types of servo patterns of the servo layer. A selection module
is configured to, for each of a plurality of segments of the
readback signal of the data recording layer, select one of the
noise prediction modules for predicting the noise component.
The selected one ofthe noise prediction module for a segment
of the readback signal is selected based on the type of the
servo pattern associated with the segment of the readback
signal.

In other features, the servo pattern associated with the
segment of the readback signal is the servo pattern being read
from the servo layer when the segment of the readback signal
is being generated from the data recording layer.

In other features, each noise prediction module is config-
ured for a particular type of the plurality of types of servo
patterns, and the each noise prediction module comprises a
plurality of predictor parameter sets, each predictor param-
eter set predetermined for a particular type of data pattern of
the readback signal and the particular type of servo pattern.

In other features, each predictor parameter set comprises a
predictor coefficient and a predictor error variance predeter-
mined for the particular type of data pattern and the particular
type of servo pattern, and the predictor parameter set is used
in determining the noise component associated with the read-
back signal in the channel.

In other features, the predictor parameter sets are organized
in the form of a look-up table.

In other features, each of the plurality of types of servo
patterns is assigned a respective servo bit, and the selected
one of the noise prediction module for the segment of the
readback signal is selected based on the servo bit of the type
of the servo pattern associated with the segment of the read-
back signal.

In other features, the servo bit of the type of servo pattern
associated with the segment of the readback signal is identi-
fied from the segment of the readback signal or a position
error signal from the servo layer.

In other features, the servo bit of the type of servo pattern
associated with the segment of the readback signal is identi-
fied from the segment of the readback signal by generating a
waveform based on the segment of the readback signal and
aligning the waveform with the segment of the readback
signal.

In other features, one noise prediction module is provided
for each of the plurality of types of servo patterns of the servo
layer.

In other features, a plurality of noise prediction modules is
provided for each of the plurality of types of servo patterns of
the servo layer.

In other features, each type of servo pattern is partitioned
into a plurality of segments, and the at least one noise predic-
tion module comprises a plurality of noise prediction mod-
ules, each noise prediction module configured for a particular
segment of the type of servo pattern.

In other features, the plurality of types of servo patterns
comprises a DC—/DC+ servo pattern, a DC- servo pattern, a
DC+/DC- servo pattern and a DC+ servo pattern.

A method according to the present disclosure detects data
bits from a readback signal in a channel from a dedicated
servo medium comprising a data recording layer and a servo
layer. The method of detecting data bits is based on a noise
component associated with the readback signal predicted by
the method described above.
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A hard disk drive system according to the present disclo-
sure includes a dedicated servo medium comprising a data
recording layer and a servo layer. A read head is operable to
read data from the data recording layer and generate a read-
back signal of the data in a channel. A signal processing
module configured to process the readback signal in the chan-
nel to output data bits detected from the readback signal,
wherein the signal processing module comprises noise pre-
dictor according to the above-mentioned second aspect of the
present disclosure for predicting a noise component associ-
ated with the readback signal in the channel.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will be better understood and
readily apparent to one of ordinary skill in the art from the
following written description, by way of example only, and in
conjunction with the drawings, in which:

FIG. 1 depicts a schematic cross-sectional view of an
example of a portion of an hard disk drive according to the
present disclosure;

FIG. 2 depicts a schematic drawing of an example of a
servo pattern stored on the servo layer according to the
present disclosure;

FIG. 3 depicts a graph illustrating an example of the wave-
form of a readback signal affected by the baseline jumps
caused by the transitions of the servo signal of the staggered
servo pattern;

FIG. 4 depicts an overview of an example of a method of
predicting a noise component associated with a readback
signal in a channel from a dedicated servo medium;

FIG. 5 depicts a schematic block diagram of an example of
a method of detecting data bits from a readback signal in a
channel from a dedicated servo medium according to the
present disclosure;

FIG. 6 illustrates an example of the linear distortion before
and after low-pass filter (LPF) in relation to synchronous
averaging performed on the readback signal for removing the
linear distortion in the readback signal according to the
present disclosure;

FIG. 7 depicts an example of the servo pattern stored on the
servo layer as shown in FIG. 2, along with the corresponding
noise prediction module for each of the types of servo patterns
according to present disclosure;

FIG. 8 depicts an example of a triangular waveform gen-
erated for identifying the servo bit corresponding to each
segment of the readback signal according to the present dis-
closure;

FIG. 9 shows an example of the time lag of maximum
correlation obtained by computing the cross-correlation of
the triangular waveform with the readback signal waveform;

FIG. 10 shows an example of the mapping of each segment/
section of the readback waveform for identifying the servo
bits according to the present disclosure;

FIG. 11 illustrates an example of the BER results of the
present SDDNP and SDDNP with split over the conventional
MA-DDNP based on a simulation conducted;

FIG. 12 shows an example of the mapping of further seg-
ments/sections of the readback waveform for identifying the
servo bits according to the present disclosure;

FIG. 13 illustrates an example of the BER results of
SDDNP with x % split, where x=10, 15, 20, 30, and 40 based
on a simulation conducted;

FIG. 14 depicts a schematic drawing of an example of a
noise predictor for predicting a noise component associated
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with a readback signal in a channel from a dedicated servo
medium, corresponding to the method as described with ref-
erence to FIG. 4; and

FIG. 15 depicts a schematic drawing of an example of a
hard disk drive system according to present disclosure.

DETAILED DESCRIPTION

The present disclosure provides a method of predicting a
noise component associated with a readback signal in a chan-
nel from a dedicated servo medium for enhancing the accu-
racy of the data bits detected from the readback signal.

For illustration purposes only, FIG. 1 depicts a schematic
cross-sectional view of a portion of an hard disk drive 100
according to an example of the present disclosure. The hard
disk drive 100 comprises a dedicated servo medium 102
including a data recording layer 104 for storing data thereon
and a dedicated servo layer 106 for storing servo information
thereon. The hard disk drive 100 further comprises a magnetic
head 120 including a recording/writing head 122 for record-
ing/writing data to the data recording layer 104 and a repro-
ducing/reading head 124 for reproducing/reading data on the
data recording layer 104 and generating a readback signal of
the data read.

As explained in the background of the present disclosure, a
servo pattern is stored on the servo layer 106 and used to
generate position feedback signals, also known as position
error signals (PES). However, the servo pattern introduces
various distortions to the readback signal of the data recorded
on the data recording layer 104, including linear and non-
linear distortions. In particular, the two main sources of non-
linear distortions are: 1) servo signal induced transition shift
at the data recording layer, and 2) transitions of servo signal
from one type of servo pattern to another type of servo pat-
tern, causing a baseline jump in the readback signal of the data
recording layer.

As an illustration, FIG. 2 depicts a schematic drawing of a
servo pattern 200 stored on the servo layer 106 according to
an example of the present disclosure. In this example, the
servo pattern 200 is a staggered servo pattern. In particular,
each period of the servo pattern 200 has four types of servo
patterns, namely, a DC-/DC+ servo pattern 202, a DC- servo
pattern 204, a DC+/DC- servo pattern 206 and a DC+ servo
pattern 208. For this servo pattern 200, it has been found that
transitions of the servo signals from, for example, DC+/DC-
servo pattern 206 to DC+ servo pattern 208 or DC- servo
pattern 204 causes a baseline jump in the readback signal of
the data recording layer 104. FIG. 3 depicts a graph illustrat-
ing the waveform of a readback signal 304 affected by the
above-described baseline jumps 302 caused by the transitions
of the servo signal of the staggered servo pattern 200.
Embodiments of the present disclosure advantageously miti-
gate such a distortion in the readback signal, thereby enhanc-
ing the accuracy of the data bits detected from the readback
signal.

It will be appreciated that the servo pattern written/stored
on the servo layer is not limited to the staggered servo pattern
as shown in FIG. 2, which is provided merely for illustration
purposes only. Other configurations of servo pattern may be
stored on the servo layer as desired or as appropriate. How-
ever, for the purposes of brevity and clarity, examples of the
present disclosure described herein will be based on the servo
pattern as shown in FIG. 2 unless stated otherwise.

FIG. 4 depicts an overview of a method 400 of predicting a
noise component associated with a readback signal in a chan-
nel from a dedicated servo medium 102 comprising a data
recording layer 104 and a servo layer 106. The method 400
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6

comprises a step 402 of providing at least one noise prediction
module for each of a plurality of types of servo patterns of the
servo layer 106, and a step 404 of predicting the noise com-
ponent by, for each of a plurality of segments of the readback
signal of the data recording layer 104, using a selected one of
the noise prediction modules. In particular, the selected one of
the noise prediction module for a segment of the readback
signal is selected based on the type of the servo pattern asso-
ciated with the segment of the readback signal. Therefore,
according to the method 400, the noise prediction is not only
dependent on the data pattern of the data recording layer 104
as in the conventional data-dependent noise prediction
(DDNP) detector, but is also dependent on the polarity of the
servo pattern. In particular, by configuring different noise
prediction modules for different types of servo patterns of the
servo layer 106, and using a selected one of the noise predic-
tion module for a segment of the readback signal based on the
type of the servo pattern associated with such a segment of the
readback signal (that is, the servo pattern being read from the
servo layer when such a segment of the readback signal is
being generated from the data recording layer), the above-
mentioned distortion to the readback signal due to the transi-
tions of the servo signal from one type of servo pattern to
another type of servo pattern can be mitigated. Accordingly,
the accuracy of the data bits detected from the readback signal
can be significantly improved, which will be demonstrated
later according to examples of the present disclosure. The
noise prediction according to various examples of the present
disclosure may also be referred to as servo and data-depen-
dent noise prediction (SDDNP), since the noise prediction is
dependent on both the servo pattern and the data pattern.

For a better understanding, the method 400 will now be
described more fully according to examples of the disclosure.
It will be appreciated that this disclosure may, however, be
embodied in many different forms and should not be con-
strued as limited to the examples set forth herein. Rather,
these examples are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the
disclosure to those skilled in the art

FIG. 5 depicts a schematic block diagram of a method 500
of detecting data bits from a readback signal 504 in a channel
from a dedicated servo medium 102 according to an example
of the present disclosure. As described in the background of
the present specification, the servo pattern introduces various
distortions to the readback signal 504 of the data recording
layer, including linear and non-linear distortions. As an
example, the waveform of the readback signal 504 obtained
from the spinstand may be as depicted in FIG. 3 mentioned
hereinbefore. This may correspond to one sector of data bits
of'length 32768, with an additional 511 pre-amble bits and 10
post-amble bits. As can be seen from FIG. 3, the readback
signal is severely distorted due to the combined effects of
servo signal and AC coupling.

In the example of FIG. 5, synchronous averaging 506 is
first performed on the readback signal 504 to remove the
linear distortion in the readback signal 504. Synchronous
averaging 506 includes averaging together sections of the
readback signal waveform 504 with a period equal to the
servo pattern of the underlying servo layer. The sections of the
waveform are then aligned synchronously with one another
using the position error signal (PES). This captures the servo
layer pattern with the effect on the data layer averaged out
over many repetitions. Once the average signal level of the
servo layer is known, it is then passed through a low-pass filter
(LPF) to remove the high frequency distortions, and subse-
quently it is subtracted from each waveform to remove the
linear distortion introduced by the servo layer. As an illustra-



US 9,251,857 B2

7

tive example, FIG. 6 shows the estimated linear distortion
before and after LPF. As can be observed, the estimated linear
distortion after LPF captures the distortions of the readback
signal (as shown in FIG. 3) well.

Subsequently, the timing recovery block 508 converts the 5

continuous-time waveform into a discrete-time waveform. In
general, as known in the art, the purpose of the timing recov-
ery block is to ensure that the sampling instant of each sample
in the sequence is correct, or close to correct. If the timing
instant is not correct, the value of the sample will not be
accurate and the error rate will be much worse. Further, the
discrete-time waveform is then input to a generalized partial
response (GPR) equalizer 510, which helps to mitigate noise
effects such as intersymbol-interference (ISI) and media
noise. For example, the GPR equalizer 510 is designed based
on the minimum mean square error (MMSE) criterion with
monic constraint. In general, also as known in the art, the GPR
equalizer 510 shapes the channel response to a known
response that the bit detector 512 can then work on. If the
signal is left unshaped (i.e., without an equalizer), the bit
detector 512 will either perform poorly, or need many more
states in order to accurately capture the ISI introduced in the
channel.

Thereafter, a bit detector (SDDNP detector) 512 is pro-
vided to detect the data bits from the readback signal 504,
whereby the bit detector 512 comprises a noise predictor 514
configured to predict a noise component associated with the
readback signal according to the method 400 of FIG. 4, that is,
servo and data-dependent noise prediction (SDDNP).

For a better understanding, the conventional mean-ad-
justed data-dependent noise prediction (MA-DDNP) will
first be described. Subsequently, the MA-DDNP technique is
modified to include the dependency to the servo pattern
according to an example of the present disclosure (i.e.,
SDDNP). In a further example, the noise prediction is further
modified to allow for an even more accurate training of the
noise detector 510. Such a further modified noise prediction
may be referred to as SDDNP with split.

To implement MA-DDNP, the equalized channel output is
first characterized as:

ey
where s, n, and a, are the desired signal (i.e., signal compo-
nent), noise component, and transmitted data bit respectively.
The data-dependence of s, is made explicit in Equation (1),
where a, / is a shorthand notation for the sequence
{841, - - . » &} and I+1=N,, is the length of the target. The
signal s, can be expressed as

sl Pl aral ™),

Np-1

seld_) = Z Pil-i,

i=0

@

where [pg p; - - - Pap-1] are the target coeflicients. Similarly,
data-dependence of n, is denoted by a,_,,“**, for some non-
negative integers A and M which denote the data-dependent
length of the noise component. Denoting the predicted noise
sample as n, and the predictor error variance as sz, the

branch metric in the trellis can be shown to be:

D — a5 = slaf 1
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The predicted noise sample 1, is computed using Gauss-
Markov theorem as follows:

)

L
Aula ) = Elne [ a3} + 3 fla )l (a7 ) = Bt | 7 )]
i=1

K+A

L
= Elmc |+ Y, fldin
i=1

(i = se—i(@Z) — Etmei | afZE25)],

where f, denotes the noise predictor coefficients and L is the
length of the predictor (predictor order). The trellis state is
givenby a;_,..az1+ L)k+A"1 . Any additional data bits required
before a;_,, . as14z 15 Obtained through decision feedback.
The number of states in the trellis is given by 24+ 1+,
Further, the predictor error variance sz is given by

0,2 (a1 =E (it _a ) -

Having described the conventional MA-DDP above, the
SDDNP according to an example of the present disclosure
will now be described. In particular, to implement SDDNP,
the noise component is made to be dependent on the servo
pattern in addition to the data pattern. In this regard, at least
one noise prediction module is provided for each of a plurality
of'types of servo patterns of the servo layer 106. For example,
as illustrated in the example of FIG. 7, there are four types of
servo patterns (a DC-/DC+ servo pattern 202, a DC- servo
pattern 204, a DC+/DC- servo pattern 206 and a DC+ servo
pattern 208) in the servo layer 106, and one noise prediction
module 712,714,716, 718 is provided for each of the types of
servo patterns. The noise component is then predicted by, for
each of a plurality of segments of the readback signal, using
a selected one of the noise prediction modules 712, 714, 716,
718, whereby the selected one of the noise prediction module
for a segment of the readback signal is selected based on the
type of the servo pattern associated with the segment of the
readback signal. That is, the servo pattern associated with the
segment of the readback signal is the servo pattern being read
from the servo layer when such a segment of the readback
signal is being generated from the data recording layer 104.

In various examples, each of the plurality of types of servo
patterns 202, 204, 206, 208 is assigned a respective servo bit
(b,), and the selected one of the noise prediction module for
the segment of the readback signal is selected based on the
servo bit of the type of the servo pattern associated with the
segment of the readback signal. By way of an example only,
denote b, to be the servo bit at time instant k, given by

, if @ is within servo pattern DC — /DC +
if @, is within servo pattern DC —

if @ is within servo pattern DC + /DC —

powo

, if @ is within servo pattern DC +

Subsequently, Equation (1) relating to the conventional
MA-DDNP is modified to be:

M

It can be observed from Equation (7) that the noise com-
ponent n, is now dependent on the servo pattern (i.e., servo
bit), in addition to the data pattern. Further, the branch metric
in the trellis is now given by:

yeeslan a0y,
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The predicted noise sample f, may be computed using
Gauss-Markov theorem as follow:

9 10

L
@y, b0 = Bl 1 a5y, bk + Y filaithy, bo
i=1

Irei(@h ) — Edmi 10l 705, b

L
= Etme |ay, b+ ) fildhy, bo 15

i=1

[imi = Si—ilaf 7o) = Elmess | a5, b)),

where f; denotes the noise predictor coefficients and L is the
length of the predictor as before. There are no changes to the
trellis state, given by o_,,.vaz1.0y """ There are also no
changes to the number of states in the trellis, given by
gasmax(+LM) Hawever, according to the example, it can be
appreciated that a different set of predictor coefficients f, have
to be used to compute the branch metric whenever the servo
bit b, changes. Further, the predictor error variance sz is
given by:

sz (akakJrAx b=E{(m—xla kakJrA: by) )2 I

Accordingly, each noise prediction module is configured
for a particular type of the plurality of types of servo patterns
202,204, 206, 208, and such a noise prediction module com-
prises a plurality of predictor parameter sets, each predictor
parameter set predetermined for a particular type of data
pattern of the readback signal and the particular type of servo
pattern. In other features, each predictor parameter set com-
prises a predictor coefficient and a predictor error variance
predetermined for the particular type of data pattern and the
particular type of servo pattern, and the predictor parameter
set is used in determining the noise component associated
with the readback signal in the channel. In an example, the
predictor parameter sets are organized in the form of a look-
up table (LUT).

For example, a LUT may be used for each type/state of the
servo pattern of the servo layer. The type/state of the servo
layer could be DC+202, DC- 204, DC+/DC- 206 or DC-/
DC+ 208 corresponding to the 4 type/state of the servo pattern
200 as illustrated in FIG. 2. For each type/state of the servo
pattern 200, a different DDNP LUT may be characterized and
used during bits detection of the readback signal.

In Equation (6) above, the servo bit b, is chosen to take
values 1, 2, 3, 4 as an example because of ease of implemen-
tation in retrieving the corresponding noise prediction mod-
ule (including, SDDNP predictor coefficients and predictor
error variances) from memory. Together, the servo bit b, and
data pattern a,_,,;** help to provide the address locations of
the predictor coefficients and predictor error variances. For
example, let us denote a function f(' ) which converts a data
pattern a,_,,;** from its binary value to its decimal value. As
an example, f([a,,; a, a,_;]=[1 0 1])=5. This means that in
conventional MA-DDNP, the predictor coefficients and pre-
dictor error variances of data pattern [1 O 1] are stored at
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memory location ‘5. In SDDNP, the value of the servo bit b,
helps to locate the memory location of the predictor coeffi-
cients corresponding to that particular servo bit and that par-
ticular data pattern. In particular, the memory location is
given by b, *f(a,_,,*). For example, data pattern a,_,,* is
[1 0 1] as before, but with servo bit b,=2. Therefore, the
memory location of the predictor coefficients with b,=2 and
A,/ =[1 0 1] is 2*5=10. Therefore, by defining an integer
value for servo bit by, it is possible to directly compute the
memory address of the DDNP coefficients (using b, and
a,_,/ ™) in a single step, which eases implementation.

Without defining an integer value for b, (for example, an
alternative definition for b, may be +-, +, and —+), although
possible and within the scope of the present disclosure, the
algorithm to retrieve the memory locations of the predictor
coefficients becomes significantly more complex. A series of
conditional statements (if else loops) are required which
increases latency of the overall system.

Itcanbe appreciated that SDDNP according to examples of
the present disclosure requires larger memory storage. For
example, in conventional MA-DDNP it is required to store
29+M+1 values of 0, in memory, whereas in the present
SDDNP it is required to store 4¥24+**! values of o, Simi-
larly, for the predictor coefficients f, it is required to store
L*24+M*1 values in memory using the conventional MA-
DDNP. But using the present SDDNP, this number is
increased to 4*L*24+***! In general, the memory storage of
the present SDDNP is max(b,)=4 times more over conven-
tional MA-DDNP. However, with large data storage capacity
readily available, the increase in memory storage required
can be accommodated in the interest of significant perfor-
mance improvement over conventional DDNP.

In various examples, the servo bit of the type of servo
pattern associated with a segment/section of the readback
signal is identified from the segment of the readback signal or
aposition error signal from the servo layer. That is, to identify
the servo bit corresponding to each data bit, the position error
signal (PES) obtained from the servo may be used, or alter-
natively, only the readback signal may be used. In the case of
identifying the servo bit corresponding to each data bit based
on the PES signal, the underlying servo pattern can be iden-
tified from the PES signal, and subsequently the servo bit can
be identified by a mapping from the servo pattern to the
corresponding servo bit. In the case of identifying the servo
bit corresponding to each data bit based on the readback
signal only, a waveform is generated based on the segment of
the readback signal (containing the data bit) and aligning the
waveform with the segment of the readback signal.

In an example, a triangular waveform 802 as shown in FI1G.
8 is generated. The length of the base of each triangle in the
triangle waveform 802 is given by the number of data bits
corresponding to each servo pattern. The height of each tri-
angle in the triangular waveform is obtained through a trial
and error method. In this example, the height of the triangle is
set to be 30. By computing the cross-correlation of this trian-
gular waveform with the readback signal waveform (e.g., see
FIG. 3), the time lag of maximum correlation can be identified
and is shown in F1G. 9. For example, in FIG. 9, the time lag of
maximum correlation can be identified to be —0.46%*10° dis-
crete-time index. Thereafter, the triangular waveform 802 can
be aligned with the readback signal at an offset of 0.46%10°
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discrete-time index. Having done so, the servo bit corre-
sponding to each segment/section of the readback signal can
be identified using the triangular waveform. More specifi-
cally, in FIG. 8, the first upward-sloping triangle at bit index
0-0.6*10" corresponds to servo bit s,=1. The second upward-
sloping triangle at bit index 0.6-1.2*10* corresponds to servo
bit s,=2. The following downward-sloping triangle at bit
index 1.2-1.8%10* corresponds to s,=3, and the subsequent
downward-sloping triangle at bit index 1.8-2.4*10* corre-
sponds to s,=4. The sequence repeats with a following
upward-sloping triangle for s,=1, and so on. In this manner,
by mapping each segment/section of the readback waveform
to a particular segment/section of the triangular waveform
and finally to its corresponding servo bit, the servo bits can be
identified from the readback signal accordingly, as shown in
FIG. 10.

To demonstrate the enhanced performance of the SDDNP
over the conventional MA-DDNP, a simulation conducted
will now be described and the results shown in FIG. 11. In the
simulation, the BER results of the conventional MA-DDNP
and the present SDDNP are computed. In order to compute
the BER results, a servo write current of 60 mA is used and the
readback signal is obtained from the spinstand at linear den-
sities of 1147, 1338, and 1529 kfci. A total of 20 data sectors,
each comprising 32768 data bits and 511 pre-amble and 10
post-amble bits, are obtained. The frequency of the staggered
servo pattern is 34.4 kHz. For equalization of the readback
signal, a generalized partial response (GPR) equalizer 510 of
length 51 is used. For the MA-DDNP and SDDNP detectors,
the number of trellis states to be 64. To obtain the optimum
target length N, and DDNP parameters A, M, and L, all
possible combinations are tried such that 22+"@x(1+LA—64,
The combinationof N ,, A, M, and L that gives the lowest BER
is then used. The simulation model is based on the block
diagram as shown in FIG. 5.

FIG. 11 shows the BER results. It can be observed that
SDDNP provides a superior performance over MA-DDNP.
For example, at BER 10~3, SDDNP provides a 6.6% linear
density gain over MA-DDNP. For comparison, the BER
results of the data layer readback signal when the servo layer
is AC erased is also included in FIG. 11. It can be observed
that the BER of the data layer readback signal is lowest when
the servo layer is AC erased. This may be expected because
when the servo layer is AC erased, distortions arising from
servo signal induced transition shift and transitions of servo
signal from DC+/DC- to DC+ or DC- are not present. Com-
paring staggered with AC erased servo layer and MA-DDNP
detector, the linear density loss is 10.5% at BER 107>, How-
ever, when SDDNP is used, the linear density loss is reduced
to 4.6%.

In the above example, one noise prediction module is pro-
vided for each of the plurality of types of servo patterns 202,
204, 206, 208 of the servo layer 106. That is, separate noise
prediction modules (DDNPs) for different portions of the
readback signal are configured or trained to obtain better
performance. In a further example, the performance is further
improved by training separate noise prediction modules
within the same type of servo pattern. In other words, a
plurality of noise prediction modules is provided for each of
the plurality of types of servo patterns 202, 204, 206, 208 of
the servo layer 106. In an example, each type of servo pattern
is split/partitioned into a plurality of segments, and the at least
one noise prediction module comprises a plurality of noise
prediction modules, each noise prediction module configured
for a particular segment of the type of servo pattern. For
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example, to implement SDDNP with split according to an
example of the present disclosure, the servo bit b, may be
denoted as:

b = (1n

1, if @ is within first x% of servo pattern DC-/DC+
if @, is within next (100 — x)% of servo pattern DC-/DC+
if a; is within first x% of servo pattern DC-
if @, is within next (100 — x)% of servo pattern DC-
if @ is within first x% of servo pattern DC+/DC-
if @, is within next (100 — x)% of servo pattern DC+/DC-

if @, is within first x% of servo pattern DC+

el R A

if @, is within next (100 — x)% of servo pattern DC+

This may be referred to as SDDNP with x % split. Equa-
tions (7)-(10) remain as stated hereinbefore. The memory
location of the predictor coefficients and predictor error vari-
ances is given by b, *f(a,_,,/***) as stated hereinbefore. As an
example, the servo bit with a 10% split is shown in FIG. 12. In
general, the memory storage of SDDNP with x % split is
max(b,)=8 times more over conventional MA-DDNP.

FIG. 13 shows the BER results of SDDNP with x % split,
where x=10, 15, 20, 30, and 40. In general, SDDNP with x %
split performs better than SDDNP. However, the results are
very similar even when x is adjusted from 10 to 40. Therefore,
according to a preferred example, SDDNP with about 10%
split is used since this gives the lowest BER amongst the
various values for x considered.

To compare SDDNP with SDDNP with 10% split, the
results are incorporated in FIG. 11. It is noted that SDDNP
provides a 6.6% linear density gain over MA-DDNP, but this
gain in increased to 7.9% when SDDNP with 10% split is
used. Further, it is noted that SDDNP with staggered servo
suffers from a 4.6% linear density loss as compared to BER
results of AC erased servo layer, but this loss is reduced to
3.5% when SDDNP with 10% split is used.

It has also been noted that the results shown in FIGS. 11
and 13 are highly dependent on the k-value of the dedicated
servo medium. Here, the k-value indicates the interference
from servo layer to data layer. The higher the k-value, the less
the interference from servo to data layer. It will be appreciated
that different dedicated servo medium with different k-value
may exhibit different results from those presented herein.

According to an example, there is provided a noise predic-
tor 1400 for predicting a noise component associated with a
readback signal in a channel from a dedicated servo medium
102 comprising a data recording layer 104 and a servo layer
106, corresponding to the method 400 described with refer-
ence to FIG. 4 hereinbefore. As schematically illustrated in
FIG. 14, the noise predictor 1400 comprises at least one noise
prediction module 1402 for each of a plurality of types of
servo patterns of the servo layer 106, and a selection module
1404 configured to, for each of a plurality of segments of the
readback signal of the data recording layer 104, select one of
the noise prediction modules for predicting the noise compo-
nent, whereby the selected one of the noise prediction module
for a segment of the readback signal is selected based on the
type of the servo pattern associated with the segment of the
readback signal. For example, the noise predictor 1400 may
be incorporated in a bit detector 512 for detecting data bits
from a readback signal in a channel from a dedicated servo
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medium 102. Further, according to an example, there is pro-
vided a method of detecting data bits from a readback signal
in a channel from a dedicated servo medium 102, whereby the
method of detecting data bits is based on a noise component
associated with the readback signal predicted according to the
method 400 as described hereinbefore with reference to FIG.
4.

An example of the present disclosure may be considered to
generally involve three phases: 1) characterizing different
SDDNP LUT’s for each type/state of the servo pattern, 2)
removing the linear distortion via synchronous averaging,
and 3) detecting the readback signal waveform using a dif-
ferent LUT depending on which part of the servo pattern the
servo head is over, and measuring/predicting the error rates.
In practice, the first phase typically only needs to be carried
out once at the initial HDD manufacturing stage. Sucha HDD
manufactured will then have the functionalities to carry out
the second and third phases.

It will be appreciated to a person skilled in the art that the
noise predictor 1400 and the noise detector 510 may be soft-
ware module(s) realized by computer program(s) or set(s) of
instructions executable by a computer processor to perform
the required functions, or may be hardware module(s) being
functional hardware unit(s) designed to perform the required
functions. It will also be appreciated that a combination of
hardware and software modules may be implemented.

Some portions of the description are explicitly or implicitly
presented in terms of algorithms and functional or symbolic
representations of operations on data within a computer
memory. These algorithmic descriptions and functional or
symbolic representations are the means used by those skilled
in the data processing arts to convey most effectively the
substance of their work to others skilled in the art. An algo-
rithm is here, and generally, conceived to be a self-consistent
sequence of steps leading to a desired result. The steps are
those requiring physical manipulations of physical quantities,
such as electrical, magnetic or optical signals capable of
being stored, transferred, combined, compared, and other-
wise manipulated.

Unless specifically stated otherwise, and as apparent from
the following, it will be appreciated that throughout the
present specification, discussions utilizing terms such as
“scanning”, “calculating”, “determining”, “replacing”, “gen-
erating”, “initializing”, “outputting”, or the like, refer to the
action and processes of a computer system, or similar elec-
tronic device, that manipulates and transforms data repre-
sented as physical quantities within the computer system into
other data similarly represented as physical quantities within
the computer system or other information storage, transmis-
sion or display devices.

The present specification also discloses apparatus for per-
forming the operations of the methods. Such apparatus may
be specially constructed for the required purposes, or may
comprise a general purpose computer or other device selec-
tively activated or reconfigured by a computer program stored
in the computer. The algorithms and displays presented
herein are not inherently related to any particular computer or
other apparatus. Various general purpose machines may be
used with programs in accordance with the teachings herein.
Alternatively, the construction of more specialized apparatus
to perform the required method steps may be appropriate.

In addition, the present specification also implicitly dis-
closes a computer program or software/functional module, in
that it would be apparent to the person skilled in the art that the
individual steps of the methods described herein may be put
into effect by computer code. The computer program is not
intended to be limited to any particular programming lan-
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guage and implementation thereof. It will be appreciated that
a variety of programming languages and coding thereof may
be used to implement the teachings of the disclosure con-
tained herein. Moreover, the computer program is not
intended to be limited to any particular control flow. There are
many other variants of the computer program, which can use
different control flows without departing from the spirit or
scope of the disclosure.

Furthermore, one or more of the steps of the computer
program may be performed in parallel rather than sequen-
tially. Such a computer program may be stored on any com-
puter readable medium. The computer readable medium may
include storage devices such as magnetic or optical disks,
memory chips, or other storage devices suitable for interfac-
ing with a general purpose computer. The computer program
when loaded and executed on such a general-purpose com-
puter effectively results in an apparatus that implements the
steps of the methods described herein.

The software or functional modules described herein may
also beimplemented as hardware modules. More particularly,
in the hardware sense, a module is a functional hardware unit
designed for use with other components or modules. For
example, a module may be implemented using discrete elec-
tronic components, or it can form a portion of an entire
electronic circuit such as an Application Specific Integrated
Circuit (ASIC). Numerous other possibilities exist. Those
skilled in the art will appreciate that the system can also be
implemented as a combination of hardware and software
modules.

For illustration purposes only, FIG. 15 depicts a schematic
drawing of a hard disk drive system 1500 according to an
example of the present disclosure. The system 1500 com-
prises a dedicated servo medium 102 comprising a data
recording layer 104 and a servo layer 106 (multiple layers not
shown in FIG. 15 for simplicity, but shown in FIG. 1), a read
head 1504 operable to read data from the data recording layer
104 and generate a readback signal of the data in a channel
1506, and a signal processing module 1508 configured to
process the readback signal in the channel to output data bits
detected from the readback signal. In particular, the signal
processing module 1508 comprises the above-mentioned
noise predictor 502 for predicting a noise component associ-
ated with the readback signal in the channel. For example, it
will be appreciated that the signal processing module 1506
may be stored in a memory device/component 1509 of a host
computer or controller 1510 and executable by a processor
1512.

While examples of the disclosure have been particularly
shown and described with reference to specific examples, it
should be understood by those skilled in the art that various
changes in form and detail may be made therein without
departing from the spirit and scope of the disclosure as
defined by the appended claims. The scope of the disclosure
is thus indicated by the appended claims and all changes
which come within the meaning and range of equivalency of
the claims are therefore intended to be embraced.

What is claimed is:

1. A method of predicting a noise component associated
with a readback signal in a channel from a dedicated servo
medium, the dedicated servo medium comprising a data
recording layer and a dedicated servo layer, the method com-
prising:

providing at least one noise prediction module for each of

a plurality of types of servo patterns of the servo layer;
and
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predicting the noise component by, for each of a plurality
of segments of the readback signal of the data recording
layer, using a selected one of the noise prediction mod-
ules,

wherein the selected one of the noise prediction module for

a segment of the readback signal is selected based on the
type of the servo pattern associated with the segment of
the readback signal.

2. The method of claim 1, wherein the servo pattern asso-
ciated with the segment of the readback signal is the servo
pattern being read from the servo layer when the segment of
the readback signal is being generated from the data record-
ing layer.

3. The method of claim 1, wherein each noise prediction
module is configured for a particular type of the plurality of
types of servo patterns, and the each noise prediction module
comprises a plurality of predictor parameter sets, each pre-
dictor parameter set predetermined for a particular type of
data pattern of the readback signal and the particular type of
servo pattern.

4. The method of claim 3, wherein each predictor param-
eter set comprises a predictor coefficient and a predictor error
variance predetermined for the particular type of data pattern
and the particular type of servo pattern, and the predictor
parameter set is used in determining the noise component
associated with the readback signal in the channel.

5. The method of claim 3, wherein the predictor parameter
sets are organized in the form of a look-up table.

6. The method of claim 1, wherein each of the plurality of
types of servo patterns is assigned a respective servo bit, and
the selected one of the noise prediction module for the seg-
ment of the readback signal is selected based on the servo bit
of'the type of the servo pattern associated with the segment of
the readback signal.

7. The method of claim 6, wherein the servo bit of the type
of servo pattern associated with the segment of the readback
signal is identified from the segment of the readback signal or
a position error signal from the servo layer.

8. The method of claim 7, wherein the servo bit of the type
of servo pattern associated with the segment of the readback
signal is identified from the segment of the readback signal by
generating a waveform based on the segment of the readback
signal and aligning the waveform with the segment of the
readback signal.

9. The method of claim 1, wherein one noise prediction
module is provided for each of the plurality of types of servo
patterns of the servo layer.

10. The method of claim 1, wherein a plurality of noise
prediction modules is provided for each of the plurality of
types of servo patterns of the servo layer.

11. The method of claim 10, wherein each type of servo
pattern is partitioned into a plurality of segments, and the at
least one noise prediction module comprises a plurality of
noise prediction modules, each noise prediction module con-
figured for a particular segment of the type of servo pattern.

12. The method of claim 1, wherein the plurality of types of
servo patterns comprises a DC—/DC+ servo pattern, a DC—
servo pattern, a DC+/DC- servo pattern and a DC+ servo
pattern.

13. A noise predictor for predicting a noise component
associated with a readback signal in a channel from a dedi-
cated servo medium, the dedicated servo medium comprising
a data recording layer and a servo layer, the noise predictor
comprising:

at least one noise prediction module for each of a plurality

of types of servo patterns of the servo layer; and
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a selection module configured to, for each of a plurality of
segments of the readback signal of the data recording
layer, select one of the noise prediction modules for
predicting the noise component,

wherein the selected one of the noise prediction module for
a segment of the readback signal is selected based on the
type of the servo pattern associated with the segment of
the readback signal.

14. The noise predictor of claim 13, wherein the servo
pattern associated with the segment of the readback signal is
the servo pattern being read from the servo layer when the
segment of the readback signal is being generated from the
data recording layer.

15. The noise predictor of claim 13, wherein each noise
prediction module is configured for a particular type of the
plurality of types of servo patterns, and the each noise pre-
diction module comprises a plurality of predictor parameter
sets, each predictor parameter set predetermined for a par-
ticular type of data pattern of the readback signal and the
particular type of servo pattern.

16. The noise predictor of claim 15, wherein each predictor
parameter set comprises a predictor coefficient and a predic-
tor error variance predetermined for the particular type of data
pattern and the particular type of servo pattern, and the pre-
dictor parameter set is used in determining the noise compo-
nent associated with the readback signal in the channel.

17. The noise predictor of claim 15, wherein the predictor
parameter sets are organized in the form of a look-up table.

18. The noise predictor of claim 13, wherein each of the
plurality of types of servo patterns is assigned a respective
servo bit, and the selected one of the noise prediction module
for the segment of the readback signal is selected based on the
servo bit of the type of the servo pattern associated with the
segment of the readback signal.

19. The noise predictor of claim 18, wherein the servo bit of
the type of servo pattern associated with the segment of the
readback signal is identified from the segment of the readback
signal or a position error signal from the servo layer.

20. The noise predictor of claim 19, wherein the servo bit of
the type of servo pattern associated with the segment of the
readback signal is identified from the segment of the readback
signal by generating a waveform based on the segment of the
readback signal and aligning the waveform with the segment
of the readback signal.

21. The noise predictor of claim 13, wherein one noise
prediction module is provided for each of the plurality of
types of servo patterns of the servo layer.

22. The noise predictor of claim 13, wherein a plurality of
noise prediction modules is provided for each of the plurality
of types of servo patterns of the servo layer.

23. The noise predictor of claim 22, wherein each type of
servo pattern is partitioned into a plurality of segments, and
the at least one noise prediction module comprises a plurality
of noise prediction modules, each noise prediction module
configured for a particular segment of the type of servo pat-
tern.

24. The noise predictor of claim 13, wherein the plurality of
types of servo patterns comprises a DC—/DC+ servo pattern,
a DC- servo pattern, a DC+/DC- servo pattern and a DC+
servo pattern.

25. A method of detecting data bits from a readback signal
in a channel from a dedicated servo medium comprising a
data recording layer and a servo layer, wherein the method of
detecting data bits is based on a noise component associated
with the readback signal predicted according to the method of
any one of claims 1 to 12.
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26. A hard disk drive system comprising:

a dedicated servo medium comprising a data recording
layer and a servo layer;

aread head operable to (i) read data from the data recording
layer, and (ii) generate a readback signal of the data in a
channel; and

a signal processing module configured to process the read-
back signal in the channel to output data bits detected
from the readback signal, wherein the signal processing
module comprises noise predictor according to any one
of claims 13 to 24 for predicting a noise component
associated with the readback signal in the channel.

#* #* #* #* #*
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